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Compacted graphite iron (CGI) is a material which emerged as a candidate 
material to replace cast iron (CI) in the automotive industry for engine block 
castings. Its thermal and mechanical properties allow the CGI-based engines to 
operate at higher cylinder pressures and temperatures than CI-based engines, 
allowing for lower fuel emissions and increased fuel economy. However, these 
same properties together with the thermomechanical wear mode in the CGI-CBN 
system result in poor machinability and inhibit CGI from seeing wide spread use 
in the automotive industry.  
 
In industry, machining of CGI is done only at low speeds, less than V = 200 
m/min, to avoid encountering rapid wear of the cutting tools during cutting. 
Studies have suggested intermittent cutting operations such as milling suffer less 
severe tool wear than continuous cutting. Furthermore, evidence that a hard 
sulfide layer which forms over the cutting edge in machining CI at high speeds is 
absent during machining CGI is a major factor in the difference in machinability of 
these material systems. The present study addresses both of these issues by 
modification to the conventional machining process to allow intermittent 




The application of controlled modulation superimposed onto the cutting process – 
modulation-assisted machining (MAM) – is shown to be quite effective in 
reducing the wear of cubic boron nitride (CBN) tools when machining CGI at high 
machining speeds (> 500 m/min).  The tool life is at least 20 times greater than 
found in conventional machining of CGI. This significant reduction in wear is a 
consequence of reduction in the severity of the tool-work contact conditions with 
MAM. The propensity for thermochemical wear of CBN is thus reduced. It is 
found that higher cutting speed (> 700 m/min) leads to lower tool wear with MAM. 
The MAM configuration employing feed-direction modulation appears feasible for 
implementation at high speeds and offers a solution to this challenging class of 
industrial machining applications. This study’s approach is by series of high 
speed turning tests of CGI with CBN tools, comparing conventional machining to 



















Compacted graphite iron (CGI), belonging to the family of cast irons,  has 
emerged as  a candidate material to replace gray cast iron (CI) in engine block 
applications for diesel engines due to its superior mechanical properties, and 
improved strength-to-weight and stiffness-to-weight characteristics. The tensile 
strength and fatigue strength of CGI are nearly double those of CI, the elastic 
modulus is about 35% higher than that of CI, and the thermal conductivity is 
about 25% smaller than that of CI [6, 7]. These properties enable CGI-based 
engines to operate at higher cylinder pressures and temperatures, with better 
fuel economy and lower emissions. In spite of attractive structural properties for 
diesel engines, CGI has not found widespread use to date in the automotive 
industry. The major barrier is its poor machinability, as quantified by tool 
wear/life, under conditions typical of automotive production. When performing 
continuous cutting operations, e.g., turning, boring,  using polycrystalline cubic 
boron nitride (CBN) tools at the high speeds (> 500 m/min) typical of current 
transfer lines, the tool life is often 20 times lower when cutting CGI as compared 
to CI. Even in continuous cutting of CGI at low speeds (150 – 250 m/min) or 
milling (interrupted cutting) at high speeds, the tool life is ~ 50% shorter than for 







The dominant wear mode in the CBN-CGI system at high cutting speeds has 
been shown to be thermochemical in nature (diffusion and oxidation of the cutting 
tool) due to the severe tool-chip contact conditions (high normal and shear 
stresses and elevated temperature). The thermochemical wear is accentuated by 
the lack of formation of a manganese sulfide (MnS) layer at the tool-chip 
interface [9, 11]. The presence of MnS layer has been identified as the primary 
reason for explaining the low tool wear when machining CI at high speeds. It acts 
not only as a barrier against diffusion and oxidation but also as a lubricant to 
reduce the friction. Unfortunately, the MnS layer cannot be formed for CGI due to 
its very low sulfur content which is necessary for producing the unique vermicular 
graphite structure in the iron matrix of CGI [1].  Another factor that contributes to 
higher tool wear when machining CGI than CI is the relatively higher ductility of 
CGI [23]. This means that the chips of CGI are formed by undergoing more 
plastic deformation rather than the mere brittle fracture that occurs with CI. 
Therefore, CGI chips are formed in a less discontinuous mode and longer with 
more heat dissipation. This results in a more severe contact condition and higher 
temperatures along the tool-chip interface, conditions conducive to 
thermochemical wear. Thus the very factors that contribute to CGI’s unique 
structural properties also account for its very poor machinability. 
 
Much effort has been devoted to addressing the problem of excessive tool wear 
in CGI machining. Enhancing machinability by modification of the composition to 
increase sulfur content has been suggested but this would negate the basic 
concept behind the improved structural properties of CGI.  Attempts to create the 
stable MnS barrier layer along the tool-chip contact in high-speed machining 
using external introduction of a sulfur-based lubricant have been unsuccessful, 
as have been approaches based on use of tool materials other than CBN. A third 
approach to make the cutting somewhat interrupted, utilizing tooling concepts 




1.1 Problem Statement 
The present study seeks to address the challenges of high speed machining of 
CGI through modification of the conventional cutting process. The objective is to 
alleviate the severe contact conditions that promote rapid thermochemical wear. 
This has been achieved by utilizing modulation-assisted machining (MAM) that 
incorporates a controlled low-frequency, out-of phase feed-direction modulation 
(frequency < 1000 Hz and amplitude < 200 µm) to the conventional machining 
process, as is described in detail in Sec. 3.1. This approach effectively introduces 
disruptions of the tool-chip contact, make the chip formation more discrete, and 
transforms the continuous cutting into a discrete cutting process. Results show 
that CBN tool life in MAM of CGI can be at least an order of magnitude greater 
than in the conventional machining (i.e. without modulation).  
 
This thesis is organized as follows. First, a review is presented of wear 
mechanisms in machining CGI with CBN, the effect this has on tool life and 
industrialization of CGI, and attempted solutions to the problem. A description of 
the machining process and modulated assisted machining modifications are then 
presented. The experimental procedures are then described, following which the 
results are presented and discussed. Finally some concluding remarks are made 






















Compacted graphite iron (CGI) is being used in the automotive industry as a 
replacement for cast iron (CI) engine blocks to improve fuel economy, reduce 
engine emissions, and extend engine life. Due to its superior mechanical 
properties as compared to CI, it is an ideal candidate material for engine blocks 
and is already seeing large scale application in European carmakers. Engines 
such as the BMW V8 and Audi V8 are examples of such diesel engines. 
Furthermore, nine out of ten of the top carmakers have plans to implement CGI 
cylinder blocks in engines [18]. Given the environmentally challenging, high-price 
fuel market, the benefits of using CGI over CI are considered important. 
 
The service life of castings which require high strength and thin section, that 
operate with recurrent heat input, can be extended by changing the casting 
material from CI to CGI. Since around 1984, all exhaust manifolds which have 
those design characteristics have been made with CGI for extended service life 
[21]. This principle can be applied to engine castings, most notably thin-walled 
cylinder engine blocks. Engines with CGI castings have better fuel efficiency and 
lesser emissions than CI engines due to higher peak firing temperatures that can 
be reached in the CGI cylinder heads. 
 
Although the automotive industry is enthusiastic about implementing a material 
which both increases fuel economy and has environmental benefits, there is a 
barrier to this engine design due to machinability issues with CGI. While CGI 
offers improvement in engine block design over CI in nearly all aspects, CGI is 
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difficult to machine in comparison to CI. Current state of the art for high speed 
finishing operations of CGI with carbide tools is performed at low cutting speed 
(V = 120 m/min) or lower using coolant lubrication with emulsion with a tool life of 
approximately 130 min or less, as opposed to high speed (V > 500 m/min) 
continuous cutting of CI with carbide tools [2].  
 
In terms of iron alloys, there are two extreme microstructures that are 
characterized by the shape of graphite inclusions. Gray cast iron (CI), which has 
low hardness (120-269 HB) and graphite formed as randomly oriented flakes, 
and nodular or ductile iron, also called spheroidal graphite iron (SGI), which has 
high hardness (269-555 HB) and graphite formed as nodular, often spherical 













Figure 2.3: As cast, unetched compacted graphite iron 
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Compacted graphite iron (CGI) when viewed in two-dimensions appears to have 
both nodular graphite particles and vermicular graphite flakes, as seen in Fig. 
2.3. However, these particles and flakes actually take on a three-dimensional 
structure in which they are interconnected in a complex coral-like, vermicular 
structure, as seen by deep etched scanning electron microscopy (SEM) as in Fig. 
2.4. Furthermore, unlike the randomly oriented graphite flakes found in CI which 
are thin with sharp edges, flakes and particles found in CGI are blunter, typically 
shorter and thicker in comparison, with rounded edges. Due to these shape 
characteristics of CGI, the graphite vermicular structure adheres strongly to the 
iron matrix. Unlike CI, in which the smooth surface and sharp edges of graphite 
flakes act as stress concentrations and promote crack initiation and growth, the 
interconnected vermicular structure of CGI provides increased strength and 
stiffness by eliminating those natural cleavage paths. These structural 
characteristics provide CGI with its improved mechanical properties over CI, 
while simultaneously making it more difficult to machine [1].   
 
 
Figure 2.4: Cast iron graphite morphology as seen by deep etching SEM. Left: 
Gray cast iron; middle: compacted graphite iron; right: spheroidal graphite, 





Mechanical properties of CGI are intermediate of those in gray cast iron and 
ductile iron, with a hardness value range of 158-244 HB [6]. Table 2.1 contains 
typical CGI properties. Table 2.2 has a relative comparison of properties of CI, 
CGI, and SGI properties. Due to the higher hardness, increased strength and 
stiffness, and complex graphite structure, the machinability of CGI is worse than 
that of CI. The nature of the chip formation that occurs with CGI is another 
contributing factor to the increased tool wear [27]. Because of the relatively brittle 
nature of CI, the chips produced are discontinuous and discrete resulting in a 
less severe contact condition prevailing along the chip–tool interface. In contrast, 
chips from CGI tend to be less discontinuous and longer because of the greater 
ductility of the CGI. This results in a more severe contact condition and higher 
temperatures along the tool–chip interface in CI compared to CGI.  
 
Table 2.1: Properties of CGI at room temperature [6] 
Property Symbol Value 
Brinell Hardness HB 158-244 kg/mm2 
Tensile Strength UTS 475 MPa 
0.2% offset Yield Stress YS 347 MPa 
Modulus of Elasticity E 147 GPa 
% Nodularity  0-10% 












Table 2.2: Comparative properties of different cast iron types [16] 
Property Gray iron CGI Ductile iron 
Hardness 85% 100% 115% 
Tensile Strength 55% 100% 155% 
0.2% offset Yield Stress - 100% 155% 
Modulus of Elasticity 75% 100% 110% 
Thermal Conductivity 130% 100% 75% 
 
 
In continuous cutting operations such as high-speed boring and turning, which 
are those required in manufacture of engine cylinders, the tool life can be 10-20 
times less than similar operations for CI [7]. The reduced machinability of the 
CBN-CGI system to that of the CBN-CI system during interrupted cutting such as 
milling is significantly less than for continuous cutting operations. Comparisons of 
tool life, with criteria for end of tool life of 300 μm of flank wear, during continuous 
cutting (turning) and interrupted cutting (milling) are shown in Fig. 2.5 and Fig. 
2.6 respectively.  
 
 





Figure 2.6: Tool life, face milling. ap = 2 mm; fz = 0.3 mm; no coolant [1] 
 
 
Cubic boron nitride (CBN) is considered to have the longest tool life for 
machining CGI, although carbide and coated carbide tools offer a comparative 
tool life that is often worth the difference in tool cost. The Vickers hardness of 
CBN (4000-5500 kg/mm2) makes it the second hardest material known to man 
after diamond, which has a Vickers hardness of 6000-10000 kg/mm2 [25]. The 
tool with the longest tool life for an application is often that with the highest 
hardness; however, diamond interacts chemically with iron while CBN does not. 
Therefore, CBN is the tool material of choice for this study.  
 
Studies performed at the Institute of Production Management Technology and 
Machine Tools (PTW) at Darmstadt University of Technology, Germany offer an 
explanation to the large difference in tool life of cutting CGI in comparison to CI. 
Experimental results of high-speed (400-800 m/min) continuous cutting tests on 
CGI with CBN tools show the tool life is reduced to as much as 10% of that when 
machining CI [1]. Maximum flank wear of 300 μm was used as the end of tool life 
criteria. In conventional machining, abrasive wear mechanisms (characterized by 
hard work material particles which scratch or wear the tool) are nearly constant 
throughout the temperatures that are reached. Attrition wear (characterized by 
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fracture of the cutting edge and large fragments of tool material being removed, 
often concentrated at low cutting temperatures at which diffusion does not take 
place) was not prevalent in high speed continuous cutting of cast irons, which is 
attributed to the high cutting temperatures; however, during interrupted cutting 
tests from milling, about a 15% difference in attrition wear of the CBN-CGI and 
CBN-CI systems was seen [1]. Thermomechanical wear effects such as diffusion 
(characterized by chemical wear on the tool surface, similar to etching, which is 
dependent on the solubility of the phases of tool material into the work material) 
and oxidation (characterized by a strong bond which forms between oxides on 
the tool and chip interface, which cause subsequent adhesive wear behind the 
tool nose radius) are found to be prevalent in machining of cast irons, with about 
a 33% difference in thermomechanical wear of the two material systems [1]. This 
combined effect from attrition and thermomechanical wear factors can account 
for the 50% difference in machinability of CGI as compared to CI during 
interrupted cutting. [1; 24; 25] 
 
To further examine the extreme difference in tool life, the chemical interaction of 
CBN-CI and CBN-CGI were also analyzed at PTW. This was done by placing 
CBN in contact with CGI and CI for six hours at temperatures of 700 °C and 1050 
°C, temperatures typical of the cutting interface during continuous cutting of CI 
and CGI respectively. Diffusion of the work material occurred for both materials 
at similar rates, thus the major difference in machinability could not be attributed 
to differences in diffusion alone. However, a key finding was in a Manganese 
Sulfide (MnS) layer which formed between the CBN-CI contact, but was not 
observable in the CBN-CGI contact. The MnS appeared to form in the CBN-CI 
interface as a soft, smooth protective layer. It is supposed to provide a barrier to 
diffusion as well as acting as a lubricant. The existence of this MnS layer in the 
CBN-CI system, with the absence of it in the CBN-CGI system, is the primary 
cause of the difference in machinability of these two systems [9]. Additional 
experiments displayed an interesting relationship in the CBN-CI system, namely 
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that the machinability of CI with CBN tools increased at increasing cutting speeds 
to a certain extent, as shown in Fig. 2.7. This is an unusual trend in conventional 
machining. This trend is also absent from the CBN-CGI system, and is thought to 
be due to thickening and densification of the MnS layer of the CBN-CI system 
with the increased temperature of higher cutting speeds [1]. These results 
provide additional evidence and insight to the action of the MnS layer in the CBN-
CI system. 
 
Figure 2.7: Taylor tool life diagram of different cast iron types for longitudinal 
turning of CGI with PCBN tools. ap = 0.15 mm; f = 0.3 mm; no coolant [1] 
 
The lack of a sulfur-rich, MnS protective layer in the CBN-CGI system can be 
attributed to the formation of CGI during casting. This is because the 
development of the vermicular graphite morphology of CGI requires minimization 
of free sulfur, which is accomplished by adding magnesium to the cast iron melt. 
Magnesium bonds strongly adhere with the sulfur to form magnesium sulfide 
(MgS) inclusions, thus minimizing the free sulfur, while simultaneously precluding 
formation of MnS inclusions typical of conventional cast irons. Additionally, 
because compacted graphite particles are stable only at low oxygen and sulfur 
content, the level of sulfur in CI is 0.08-0.12 % whereas it is as low as 0.005-
0.025% for CGI [1]. 
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Several approaches to improve machinability of CGI have been proposed, 
though met with limited successes in practice. Controlling the metallurgical 
characteristics of CGI has been attempted. Using low nodularity, low titanium and 
low chromium levels improve machinability slightly. Even with the lowest levels 
possible, this improvement is not significant. With a slightly different composition, 
by introducing some sulfur or silicon, the tool life can be improved significantly; 
however, the properties of the material suffer and are not practical for engine 
block applications. Thus enhancing machinability by modification of the chemical 
composition is possible, but this would negate the fundamental composition and 
improved structural properties of CGI. Hence this is not a reasonable solution [7].   
 
Strategies of reducing the intimacy of contact during continuous cutting 
operations by implementing interruption in the cut have been proposed to attempt 
to generate a similar tool wear relation as seen in milling as opposed to that seen 
in turning/boring of the CBN-CGI system (see Fig. 2.5 and Fig. 2.6). Research 
has been conducted in attempts to achieve these qualities; the use of a rotary 
insert has been implemented in milling and large diameter boring. The rotary tool 
uses a circular insert that is free to rotate on its axis resulting in the cutting region 
of the insert continuously changing with time. This has demonstrated increased 
machinability in the CBN-CGI system by alleviating the intimate tool-work-chip 
contact, allowing cutting fluid to penetrate the region, reducing heat generation at 
the cutting interface. However, this concept has two drawbacks; one arising from 
the relatively large size of the rotary tool which precludes its application in 
machining of small diameter cylinder bores, and the second related to rapid wear 







A solution to CGI machining is suggested if attention is focused on the factors 
that alleviate thermochemical wear in general rather than on the 
micromechanisms peculiar to CGI machining. Thermochemical wear should be 
reduced by lowering the contact temperature and time at this temperature, 
reducing the severity/intimacy of tool–chip contact, and promoting conditions 
conducive for fluid action along the contact. Modulation assisted machining, as 
described in Sec. 3.1, under effective conditions of discrete chip formation can 
alleviate all of these factors; therefore, it offers a significant opportunity in cost-

































Machining is a material removal process wherein a hard tool acts upon a softer 
workpiece and removes material in the form of a chip. Figure 3.1 shows the basic 
parameters of a plane strain (2-D) machining process. Chip formation occurs by 
a process of intense shear deformation in a narrow zone approximated by a 
shear plane. The chip material flows along the rake face of the tool at a speed 
typically less than the workpiece velocity, V. The experimental setup determines 
the rake angle, α, the angle at which the rake face of the tool is set with respect 
to a direction perpendicular to the workpiece surface. The tool relief angle, β, is 
set such that rubbing along the flank face of the tool is limited. This configuration 
can be expanded to include turning as in Fig. 3.2.  
 
 




Figure 3.2: Schematic of single point turning operation. 
 
 
The rake face of the tool shown in Fig. 3.2 is perpendicular to the direction 
coming out of the page. Thus the depth of cut in Fig. 3.2 corresponds to the width 
of the workpiece into the page of Fig. 3.1. This type of turning configuration is 
known as single-point turning, as the finished surface is the inner cylindrical 
surface produced only by the edge of the tool, which in the case of a perfectly 
sharp rigid tool is a single-point. In actual cases, the tool radius is in contact with 
this surface, thus sharper tools are closer to actual single-point turning 











3.1 Modulation Assisted Machining 
The application of a controlled superimposed modulation to conventional 
machining resulting in MAM is of two types, with fundamentally different 
kinematics: (a) modulation in the direction of cutting velocity, velocity-modulation 
(Fig. 3.3a), and (b) modulation in the direction of tool-feed or undeformed chip 
thickness, feed-modulation (Fig. 3.3b). Both types of modulation change the 
nature of tool-work engagement and/or chip formation, but the material removal 
rate (MRR) remains unchanged and is determined only by the conventional 
(baseline) machining conditions. 
 
 
Figure 3.3: Schematic for modulation assisted machining of (a) velocity-
modulation, and (b) feed-modulation. V is the cutting speed, h is the undeformed 
chip thickness, and α is the tool rake angle.  
 
 
3.1.1 Velocity Modulation 
Figure 3.3a shows a schematic of machining with sinusoidal velocity-modulation. 
The undeformed chip thickness, ho, is constant, but the cutting velocity, V, varies 
continuously during each cycle of modulation. The tool-chip contact is disrupted 
every modulation cycle when 2πfmA > V, where fm is the modulation frequency 
and A is half of the peak-to-peak modulation amplitude. This disruption has been 
shown to improve the cutting process by reducing friction and enhancing fluid 
action. However, velocity-modulation has major limitations in implementation. 
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Firstly, the disruption condition 2πfmA > V is difficult to realize in practice for high 
cutting speeds (V > 0.5 m/s) even with ultrasonic frequencies, due to dynamic 
system constraints. Secondly, this approach does not result in discrete chips 
since ho is essentially constant throughout the cutting (Fig. 3.3a). Lastly, this 
modulation is kinematically difficult to impose in process such as drilling as it 
would require a superimposed oscillation in the rotation direction. Of more 
general applicability is feed-modulation of low frequency, wherein disruption of 
the tool-chip contact and discrete chip formation can be realized even at very 
high machining speeds (V >> 0.5 m/s). 
 
 
3.1.2 Feed Modulation 
Figure 3.3b shows a schematic of machining with sinusoidal feed-modulation, 
Asin(2πfmt), superimposed parallel to ho. This corresponds to the feed per rev in 
case of turning or boring.  This is the MAM configuration of interest to the present 
study and will be referred to in following chapters as MAM for short. The 
undeformed chip thickness, h(t), varies with time t for feed-modulation machining. 
When A is sufficiently large, h(t) can reach zero and the tool will disengage from 
the workpiece surface for some time in each modulation cycle, resulting in 
disruption of tool-chip contact and discrete chip formation at the rate of fm per 
second, or fm/fw per workpiece revolution in the case of turning, where fw is the 
workpiece rotational frequency. The condition for enabling discrete cutting in a 
single edge cutting process (e.g. turning) is given by: 
 
      A/ho ≥ 1 / [2sin(ϕ/2)]        (3.1) 
      with ϕ = 2π (fm/fw – INT [fm/fw]), 0 ≤ ϕ < 2π    (3.2) 
 
where ‘INT[  ]’ denotes the integer part of the value. ϕ represents the phase shift 





Figure 3.4: Discrete and continuous cutting domains for feed-modulation 
machining in (a) A/h0 – ϕ space, and (b) A/h0 – fm/fw space. 
 
 
Figure 3.4a shows the dependence of A/ho on ϕ when taking the equality of Eq. 
3.1. Since ϕ depends only on fm/fw (Eq. 3.2), A/ho can also be plotted as a 
function of fm/fw (Fig. 3.4b); in this framework, the single curve of Fig. 3.4a 
decomposes into multiple U-curves, three of which are shown. These curves 
mark the boundary between discrete and continuous cutting. For MAM conditions 
outside the U-curve (shaded area), the tool is always engaged with the 
workpiece and cutting is continuous despite the modulation. MAM conditions 
inside the curve (un-shaded area) result in discrete chips and disruption of the 
tool-chip contact in each cycle of modulation. It can be identified that the discrete 
cutting with the smallest A occurs at the bottom of these U-curves, which gives 
 
  A = ho/2                                                     (3.3) 







The discrete cutting condition for multiple cutting edge tools (e.g., drilling) can be 
established analogously (A = ho/2k, fm/fw = k(2N+1)/2 where k is the number of 
cutting edges), and these conditions including Eq. 3.1 have been extensively 
verified in experiments.   
 
Unlike velocity-modulation, the implementation of MAM with feed-modulation is 
not limited by cutting speeds. Instead, the tool feed rate should be taken into 
consideration; the modulation amplitude has to be at least half of the feed rate to 
enable discrete cutting per Eq. 3.3. This however does not pose significant 
barrier for implementation. For example, since amplitudes as large as 0.2 mm 
can be achieved using piezo-type actuators for fm < 1000 Hz, this amplitude is 
effective for feed rates of up to 0.4 mm per revolution, even at speeds of up to 12 
m/s, making it especially well-suited for industrial practice. Hence this type of 




























A series of high speed turning experiments was carried out on CGI cylinder liners 
(SinterCast; OD 143 mm; ID 99 mm) with 36 CBN inserts (Diamond Innovations, 
BZN9100, 90% volume CBN) in a CNC Turning Center (Cincinnati 
Milacron CINTURN 8C) using conventional (CM) and modulation assisted 
machining (MAM) techniques, where the tests were stopped at regular intervals 
to examine each tool under optical microscopy. These observations allowed 
quantitative comparison of CM to MAM through tool wear measurements and 
provided insight of wear mechanisms and progression of wear throughout high 
speed machining of CGI with CBN tools. The purpose of these experiments was 
to examine the proposed solution of interrupted cutting by MAM to the problems 
of high speed turning of CGI.  
 
The tool holder was incorporated with a prototype modulation device (M4 
Sciences LLC) employing piezoelectric actuation to provide the controlled 
modulation. The device is similar to the industrially marketed TriboMAM (M4 
Sciences LLC); however, it is larger in size to withstand greater loads. It also has 
a larger piezo-stack, which allows for increased modulation parameters but 
requires a higher voltage to operate. The modulation input signal is fed from an 
Agilient 33220A 20MHz Function/ Arbitrary Waveform Generator to a Trek 
PZD2000A High Voltage Amplifier, which feeds the amplified signal to the 
modulation device. The signal used in all experiments is a sinusoidal wave with 
amplitude and frequency set as inputs. The real experimental setup can be seen 




Figure 4.1: Feed-direction modulation turning setup used for the CGI-CBN 




As seen in Fig. 4.1, due to the shape of the modulation device, the cutting 
distance in the axial direction is limited. Therefore, the length cut in the feed 
direction was limited to about 10 mm (8.6 mm was used during experiments) in a 
single cut, equating to cutting tests performed in increments of 1.5 km of total 
cutting length. Each 1.5 km of length cut is further divided into several spindle 
speeds for each two or three steps in the radial direction to maintain constant 
surface cutting speed. Tests were paused at each of these increments to adjust 
modulation frequency with respect to the increasing spindle frequency to 
maintain constant frequency ratio. 
 
The parameters of the primary experimental conditions are summarized in Table 
4.1. Several tests were done for each condition. A full list of individual 
experiments is provided in Appendix A. These experiments focus on the high 
speed regime (> 500 m/min) as surface cutting speeds of V = 400 – 800 m/min is 
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typical of industrial manufacturing of CI components. Test conditions 1 and 2 are 
essentially conventional machining (without modulation) whereas the rest are 
modulation assisted machining, signified in the table by the non-zero modulation 
parameters. With all other conditions the same, the comparison of CM to MAM 
results will provide an investigation of this possible solution to the problem of 
poor machinability of CGI at high cutting speeds. 
 
 















1 550 0.05 0 0 Mobilmet 766 oil 
2 730 0.05 0 0 Mobilmet 766 oil 
3 550 0.05 3.5, 4.5 0.03 Mobilmet 766 oil 
4 730 0.05 2.5, 3.5 0.03 Mobilmet 766 oil 
5 550 0.05 3.5, 4.5 0.03 Castrol Ilocut 5713 
6 550 0.05 3.5, 4.5 0.03 Water (flood) 
7 550 0.05 3.5, 4.5 0.03 Castrol Ilocut 5725 
8 730 0.05 2.5 0.03 Castrol Ilocut 5725 
9 550 0.05 3.5, 4.5 0.03 dry machining 
10 730 0.05 2.5 0.03 dry machining 
 
 
For experiments with modulation applied, the modulation frequencies were 
selected according to Eqn. 3.4 to achieve out of phase modulation conditions. 
The amplitude was selected according to Eqn. 3.3 to be slightly bigger than half 
of the feed to ensure discrete chip formation. For all tests unless specifically 
noted, the peak to peak modulation amplitude used was 60 µm, with a feed rate 
of 50 µm/rev. The modulation parameter selection criteria to enable discrete chip 
formation can be visually seen in Figure 3.3b, where the non-shaded region 




Due to the configuration of the turning operation, and to maintain a constant 
surface speed during each test, the spindle speed needed to increase with 
decreasing workpiece diameter throughout each individual experiment. 
Therefore, at each increase in spindle speed, the feed was paused to change the 
modulation input frequency on the signal generator to maintain a constant off-
integer frequency ratio. As it is shown in Sec. 5.4, the higher the off-integer 
modulation frequency, which corresponds to higher number of interruptions of the 
tool-chip contact per revolution, the more effective the MAM with better cutting 
tool performance. However, physical restrictions of the charge amplifier and 
piezoelectric modulation device used in this study do not allow for modulation 
frequencies of higher than about 110 Hz for the 3.0 V (60 μm peak to peak) 
amplitude, after such inputs the system reaches its electrical capacity. With 
higher spindle speeds, and hence higher workpiece frequency, the modulation 
frequency must be higher for same frequency ratio, fm/fw. Therefore, conditions 
with V = 730 m/min the fm/fw is less than for conditions with V = 550 m/min. the 
frequency ratio, fm/fw, is limited to a maximum of fm/fw  = 4.5 for conditions with 
cutting speed of V = 550 m/min conditions; whereas it is limited to a maximum of 
fm/fw  = 3.5 for conditions with cutting speed of V = 730 m/min. Tables 4.2 and 4.3 
contain the input spindle and modulation frequencies for the V = 550 m/min and 













Table 4.2: Turning test input parameters, V = 550 m/min 




fw fm/fw fm 
1 143 1200 539.10 20.00 5.5 110 
2 141 1260 558.14 21.00 4.5 94.5 
3 139 1260 550.22 21.00 4.5 94.5 
4 137 1260 542.30 21.00 4.5 94.5 
5 135 1320 559.83 22.00 4.5 99 
6 133 1320 551.54 22.00 4.5 99 
7 131 1320 543.25 22.00 4.5 99 
8 129 1380 559.27 23.00 4.5 103.5 
9 127 1380 550.60 23.00 4.5 103.5 
10 125 1380 541.93 23.00 4.5 103.5 
11 123 1440 556.44 24.00 4.5 108 
12 121 1440 547.39 24.00 4.5 108 
13 119 1440 538.34 24.00 4.5 108 
14 117 1500 551.35 25.00 4.5 112.5 
15 115 1500 541.93 25.00 4.5 112.5 
16 113 1560 553.80 26.00 3.5 91 
17 111 1560 544.00 26.00 3.5 91 
18 109 1620 554.74 27.00 3.5 94.5 
19 107 1620 544.56 27.00 3.5 94.5 
20 105 1680 554.18 28.00 3.5 98 
21 103 1680 543.62 28.00 3.5 98 
22 101 1740 552.10 29.00 3.5 101.5 
23 99 1740 541.17 29.00 3.5 101.5 












Table 4.3: Turning test input parameters, V = 730 m/min 




fw fm/fw fm 
1 143 1620 727.78 27.00 2.5 67.5 
2 141 1680 744.18 28.00 2.5 70 
3 139 1680 733.63 28.00 2.5 70 
4 137 1680 723.07 28.00 2.5 70 
5 135 1740 737.96 29.00 2.5 72.5 
6 133 1740 727.03 29.00 2.5 72.5 
7 131 1800 740.79 30.00 2.5 75 
8 129 1800 729.48 30.00 2.5 75 
9 127 1860 742.11 31.00 2.5 77.5 
10 125 1860 730.42 31.00 2.5 77.5 
11 123 1920 741.92 32.00 2.5 80 
12 121 1920 729.86 32.00 2.5 80 
13 119 1980 740.22 33.00 2.5 82.5 
14 117 1980 727.78 33.00 2.5 82.5 
15 115 2040 737.02 34.00 2.5 85 
16 113 2040 724.20 34.00 2.5 85 
17 111 2100 732.31 35.00 2.5 87.5 
18 109 2160 739.66 36.00 2.5 90 
19 107 2160 726.09 36.00 2.5 90 
20 105 2220 732.31 37.00 2.5 92.5 
21 103 2280 737.77 38.00 2.5 95 
22 101 2280 723.45 38.00 2.5 95 
23 99 2340 727.78 39.00 2.5 97.5 
24 97 2400 731.36 40.00 2.5 100 
 
 
There are several fluids used in these experiments:  
· Mobilmet Omega, discontinued by Mobil and replaced by Mobilmet 766 
· Mobilmet 766 oil which contains active sulfur 
· Castrol Ilocut 5725 oil which does not contain active sulfur, some inactive 
sulfur is present 
· Castrol Ilocut 5713 oil which does not contain any sulfur, active or inactive 
 
These fluids were selected according to their active sulfur content, to examine 
the effect of sulfur present in the cutting fluid for high speed cutting of CGI, a 
process which as described in Chapter 2 is inherently lacking in active sulfur. 
Preliminary experiments suggest fluids with higher active sulfur content offer 
better cutting tool performance in high speed cutting of CGI. As in MAM 
experimental conditions, interruption of cutting enables the cutting fluid to access 
the intimate tool-chip contact region. One possible explanation for improved tool 
performance with higher active sulfur content fluid is that the active sulfur within 
the cutting fluid, which can enter the tool-chip contact region, is allowed to react 
with manganese in the workpiece to form a protective sulfide layer, similar to that 
seen in cutting CI. Table 4.4 has the properties of these cutting fluids. These 
fluids are applied during cutting with a Monroe X-15 Misting Unit as a pressurized 
air-oil mist.  
 








kg/l @ 15° C 
Active sulfur 
content wt-% Reference 
Mobilmet 
Omega 42.6 7.46 1.90 Mobil PDS 
Mobilmet 
766 36 0.88 1.60 Mobil PDS 
Castrol 
Ilocut 5713 16 0.88 Nil Castrol PDS 
Castrol 






All the experiments began with a new CBN insert. The flank and nose wear of 
each insert was measured using optical microscope after 1.4 km of length cutting 
and every 7 km of length cutting thereafter. In this way, the progression of wear 
with cutting distance was obtained for each experimental condition. See Fig. 4.2 
for wear measurement criteria. A tool was called destroyed when: 
· The maximum flank wear exceeded 600 µm 
· The integrity of cutting edge was lost due to excessive chipping and 
fracture 
 
Figure 4.2: Optical microscopy images of CBN inserts after 1.5 km conventional 
machining (left) and 45.5 km modulated assisted machining (right) showing the 
different wear criteria and measurements. 
 
 
Chips were collected for each experimental condition at 1.4 km of length cutting 
and every 7 km of length cutting thereafter. Size, shape, color, and segmentation 
characteristics of chips from each condition were viewed by optical microscopy. 
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These observations provide an understanding of the chip formation process, 
furnishing insight into cutting forces and straining in the chip, and enable 
estimation of cutting temperatures. Chips from selected conditions were mounted 
and polished to obtain cross-sectional images and to make a smooth, flat surface 
for indentation. Epoxy resin and Bake Lite were used as mounting substrates, 
both providing similar results. Fine polishing was done with Colloidal Silica. 
Hardness measurements were made of the machined chips with a Leco 
LM247AT Microhardness Tester using a diamond Vickers indenter. As hardness 
is roughly proportional to the strength of a material, hardness measurements of 
the chips provide a manner of relatively comparing the amount of work hardening 
or straining in the chips from different cutting conditions, and correspondingly a 
relative comparison of the cutting forces. Machined chips and bulk CGI were 
characterized under microscope after etching with 2% Nital for 15 – 20 seconds 




























5.1 Wear Reduction 
Figure 5.1 shows the evolution of main flank wear with cutting length for 
experimental conditions 1 (CM, V = 550 m/min) and 3 (MAM, V = 550 m/min) of 
Table 4.1. Each data point represents the average of 3 separate tested tools’ 
maximum main flank wear measurements for the cutting lengths shown. The 
selected microscope photographs of the CBN inserts corresponding to 
experiments 1 and 3 are shown in Fig. 5.2. From these results, a significant wear 
reduction due to MAM at high speeds is readily apparent. The effective wear 
reduction due to MAM far surpasses that of differing cutting speed, cutting fluid, 
tool CBN content, or modulation parameters as is substantiated in the following 
results subsections. The flank wear in CM is seen to increase so rapidly that it 
reaches beyond 0.6 mm within only 1.4 km cutting. A close examination of the 
insert by microscope shows the integrity of the cutting edge at this stage was 
completely destroyed (Fig. 5.2a, b). The flank wear in MAM also increase rapidly 
at the beginning, but this rapid increase quickly decreases and subsequent wear 
progresses only at a very small steady rate. This steady stage of low wear rate 
remains for a long cutting length. After about 30 km length cutting, where the 
tests were stopped, the flank wear in MAM is still in steady state and no more 
than 0.3 mm. The crater wear in MAM is also observed to progress slowly 
(arrows in Fig. 5.2e, f). Even after 30 km cutting, the cutting edge is remains in a 
fair condition. Based on these results, the tool life in MAM is at least 20 times 





Figure 5.1: Variation of flank wear land width (VBmax) with cutting length for MAM 




Figure 5.2: Optical microscope images of CBN inserts showing wear on main 
flank and rake face from MAM and CM. V = 550 m/min; ho = 0.05 mm/rev;       




One of the condition 3 inserts was used for a continued MAM test, where the 
cutting was continued to 45 km of cutting length. Flank wear measurements from 
this tool past 30 km of cutting are indicated as black triangles in Fig. 5.1. This tool 
was apparently still in the steady state, low wear rate region, with very little to no 
change in the measurable flank wear or cutting edge integrity. Optical images of 
the tool wear as it progresses with cutting length for this insert are displayed as 
Fig. 5.3. Images from a condition 1 insert test (CM, V = 550 m/min) are provided 
for comparison. Optical images of main and nose flank show little change with 
cutting length for MAM; whereas in the case of CM these are seen to increase 
rapidly until tool failure. Rake face images show the integrity of the cutting edge. 
In case of MAM, there is little to no change of the integrity of cutting edge 
throughout cutting with slow increase in crater size; whereas in CM, the crater 









Figure 5.3: Optical microscope images showing main flank, nose flank, and rake 
face of CBN inserts from an extended MAM test in comparison to CM. V = 550 
m/min; ho = 0.05 mm/rev; doc = 1 mm; Mobilmet 766 cutting fluid. 
 
5.2 Effect of Cutting Speed 
Another interesting result is the reduction in tool wear with increasing cutting 
speeds with MAM. At V = 550 m/min with MAM (experiment condition 3), the  
steady state flank wear is  roughly 0.3 mm, though this number is reduced to 0.25 
mm when cutting speed is increased to 730 m/min (experiment condition 4). This 
amounts to about 17% reduction in wear. Besides the lower wear magnitude, the 
standard deviation of the wear curve for MAM is also smaller for V = 730 m/min 
(±0.016 mm at 30 km of cutting length) than for V = 550 m/min (±0.024 mm at 30 
km of cutting length), which indicates the progression of wear is more stable at a 
higher cutting speed. Figure 5.4 contains the average maximum flank wear with 





Figure 5.4: Variation of flank wear land width (VBmax) with cutting length for MAM 
with V = 550 m/min and V = 730 m/min. ho = 0.05 mm/rev; doc = 1 mm; Mobilmet 




Figure 5.5: Optical microscope images of CBN inserts showing main flank and 
rake face wear for MAM at V = 550 m/min and V = 730 m/min. ho = 0.05 mm/rev; 






This wear behavior contradicts the more commonly observed relation in metal 
cutting of increasing tool wear with increasing cutting speed; however, this trait 
has also been observed in high speed cutting of cast iron using CBN tools. The 
development of a denser MnS layer at higher cutting speed is considered to be 
the cause of this wear behavior. If this mechanism is true, then the similar wear 
behavior in MAM of CGI may be explained as follows. The disruption of tool-chip 
contact with MAM has enabled the sulfur containing fluid (Mobilmet 766 oil) to 
access into the otherwise intimate contact region, providing sufficient active 
sulfur for forming a MnS layer at high speed cutting. To investigate this 
explanation and to examine the effect of applying different cutting fluids, 
experiment conditions 7 and 8 were conducted with the same parameters as 
experiment conditions 3 and 4 respectively, except that the applied cutting fluid 
does not contain active sulfur. Thus, the combination effect of cutting speed and 
fluid type (with or without sulfur) in MAM can be examined. Such results are 




5.3 Effect of Cutting Fluid 
Properties of the primary cutting fluids used in this study are shown in Table 4.4. 
Aside from those, tests were also conducted under dry machining for both V = 
550 m/min and 730 m/min. The results from these experiments are quite 
interesting, especially for dry MAM conditions. A plot of the max main flank wear 






Figure 5.6: Variation of flank wear land width (VBmax) with cutting length for 
various cutting fluids. Top: MAM; V=550 m/min; ho = 0.05 mm/rev; doc = 1 mm. 
Bottom: MAM; V=730 m/min; ho = 0.05 mm/rev; doc = 1 mm. 
 
 
For the V = 550 m/min conditions (Fig. 5.6, left plot), the MAM tests using Ilocut 
5713, Ilocut 5725, and the dry tests were carried out for a shorter distance than 
the test with Mobilmet 766 cutting fluid. This is because the integrity of the cutting 
edge of those inserts was nearly destroyed at the points where the tests ended. 
In the case of dry MAM, V = 550 m/min, the maximum measured main flank wear 
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was low, even less than with Mobilmet 766 cutting fluid at that cutting length; 
however, excessive chipping/fracture of the cutting edge rendered the dry 
condition tools destroyed. Mobilmet 766 was the most effective fluid of these 
conditions tested, as these tools maintained good cutting edge integrity and low 
flank wear at large cutting length. 
 
At higher speed, with V = 730 m/min (Fig. 5.6, right plot), the wear 
measurements at each cutting length are lower than the corresponding 
measurements for the V = 550 m/min test in the case of Ilocut 5725 and 
Mobilmet 766 cutting fluids. Conversely for dry MAM, the wear is greater and 
increases more rapidly with increases in cutting speed, although the cutting edge 
integrity of the tools was maintained enough to continue cutting. Thus the 
reduction in wear with increase in cutting speed trait is present only in cases with 
cutting fluid (which suggests this effect is due to either the presence of a denser 
MnS layer at the interface from the sulfur in the cutting fluid reacting with 
manganese in the work, a cooling effect from the fluid, a friction reduction effect 
from fluid penetrating the intimate contact region, or a combination of these). The 
curves of tool wear with cutting length of the Ilocut 5725 and Mobilmet 766 
cutting fluid cases closely match each other in terms of slope during the low wear 
rate regime (cutting length > 2 km), although there is a difference in wear 
magnitude at each cutting length. The relationship of speed and fluid may be 





Figure 5.7: Flank wear land width (VBmax) measured after 7 km cutting in MAM 
showing effects of cutting speed and fluid. MAM; ho = 0.05 mm/rev; doc = 1 mm. 
 
 
The column chart shows that (a) higher cutting speed results in lower wear in 
MAM for both types of fluid, and (b) the fluid with sulfur leads to lower wear than 
that without sulfur in MAM for both cutting speeds. Therefore, of all the 
experimental conditions, the best tool performance of CBN-CGI system is 
achieved by MAM at higher cutting speed with sulfur-containing fluid. However, 
since the reduction in wear with increasing cutting speed occurs to the same 
extent with or without active sulfur present in the cutting fluid, these results 
signify that these effects are independent; that is, the reduction of tool wear effect 
from using sulfurized fluid is independent of the reduction of tool wear effect from 
increasing cutting speed with fluid present. These results contradict the earlier 
explanation that the decrease in wear with increase in cutting speed is due in 
whole to the presence of sulfur in the cutting fluid. This suggests there are other 
contributions to the decrease in wear with increase in cutting speed than that of 




Apart from the foregoing cutting fluids, several tools were tested by MAM under 
flood cooling with water and water based Trimsol. Observations during these 
tests suggest that a much lower temperature with water flooding than oil mist 
conditions. Foremost the chips produced with water or Trimsol were light silver 
color, similar to the original CGI color; whereas MAM tests with air-oil misting 
produced dark colored brown-yellow chips. CM tests with air-oil misting produced 
chips of blues, purples, and other vibrant colors, indicative of oxidation at the 
highest temperature of these three cases. Furthermore, during CM or MAM with 
air-oil misting, one can visibly see a bright red spot at the contact point of the tool 
cutting edges with the workpiece and chip. This spot is visible in daylight and is 
more intense in the CM conditions than MAM; however, there is no visible red 
spot during MAM with water or water based Trimsol. Another attestation to much 
lower temperatures with water flood cooling is that the workpiece is cool to the 
touch immediately after a cut; whereas for CM or MAM with air-oil mist, one must 
wait several minutes for the workpiece to cool before removing it by hand. These 
results may lead one to believe the wear will also be less in case of using water 
flooding; however, because of the complex nature of wear in the CGI-CBN 
system, that is not the case. After only about 4 km length of cutting using MAM 
with water flood cooling, the cutting edge of the insert was in worse condition 
than for 45 km of cutting length of MAM with Mobilmet 766 air-oil mist. This 






Figure 5.8: Optical images of inserts from water flood cooling tests with 
comparison to air-oil mist. MAM; V = 550 m/mi; ho = 0.05 mm/rev; doc = 1 mm. 
 
 
These results coupled with the anecdotal evidence of lower cutting temperature 
suggest that water or water based fluids are more effective coolants. In addition 
the lubrication, friction reduction and wear reduction effects are much less than 
for air-oil misting with Mobilmet 766 or similar oils. Due to the low temperatures, 
diffusive wear cannot likely occur during flood cooling with water. The dominant 
thermochemical wear mode of the CGI-CBN system will not be present in these 
cases, as this type of wear requires activation by high temperature. Therefore 
attrition wear, characterized by irregular fragments of tool material appeared 
being torn out of the cutting edge, is the prevalent wear mechanism of MAM with 
water flood cooling; whereas diffusive wear alongside thermochemical effects 





5.4 Effect of Modulation Frequency 
Experiments were done under several modulation frequencies to examine this 
effect on tool wear. The cutting speed used for these tests was V = 550 m/min, 
because, as previously mentioned, tests performed at V = 730 m/min are 
restricted in terms of modulation input parameters due to overload voltage 
restrictions. Tool wear curves over cutting length are shown in Fig. 5.9 for several 
modulation frequency ratios.   
 
With increasing off-integer frequency ratio (at relatively low frequency ratios), 
there is an improvement in tool performance. The frequency ratio for cases of 
successful intermittent cutting can be understood as the number of interruptions 
of the tool-chip contact per cycle (per revolution in the case of turning). Thus 
these results can be interpreted as the effect of intensifying MAM from the case 
of CM (fm/fw = 0) to MAM (fm/fw = 4.5). As shown in Sec. 5.1, MAM in the case of 
fm/fw = 4.5 offers a huge increase in tool performance over CM. Therefore, 
results showing better tool performance with higher frequency ratio were 
anticipated. The extent to which tool performance can be improved by increasing 
modulation frequency could not be identified due to restrictions of the 
experimental setup, although there is probably a point of diminishing return such 
that further increase in frequency ratio has little benefit on tool performance. In 
general, one can assume that the highest off-integer frequency ratio of effective 
interrupted cutting that an experimental system can sufficiently meet will provide 
the best results in terms of tool performance because of achieving the most 





Figure 5.9: Variation of flank wear land width (VBmax) with cutting length for 
various modulation frequency ratios. V=550 m/min; ho =0.05 mm/rev; doc =1 mm. 
 
5.5 Comparison of Wear Reduction Factors 
Of all the wear reduction factors examined in this study, effective application of 
feed-direction MAM is by far the most significant contributor. The increase in tool 
life from using MAM in continuous high speed (> 400 m/min) turning of CGI with 
CBN inserts is at least 20 times greater (30 km cutting length vs. 1.4 km), and 
this is only a lower estimate. The test for one CBN insert was extended to 45 km 
of cutting length (or 80 minutes of MAM at V = 550 m/min; ho = 0.05 mm/rev; doc 
= 1 mm), at which the wear is not measurably greater than at 30 km of cutting 
length from the same insert. As the wear progresses at a very slow rate, if the 
tool life was extrapolated from the curve shown in Fig. 5.1 for experiment 
condition 3 with an allowable maximum flank wear of 600 μm, one would 
estimate the tool life to be over 600 km of cutting length (or 17.5 hours of MAM at 
V = 550 m/min; ho = 0.05 mm/rev; doc = 1 mm). This is an unreasonably high 
estimation, because the rate of wear is expected to rapidly increase; however, 
this was not verified in the present study due to limited CGI workpieces. Previous 
experiments done by Dr. Yang Guo exhibited this wear behavior using carbide 




Figure 5.10: Variation of flank wear land width (VBmax) with cutting length for high 
speed turning of CGI with carbide inserts. V=550 m/min; ho = 0.05 mm/rev; doc = 
1 mm. Data courtesy of Dr. Yang Guo. 
 
 
One can see the steady state low wear rate region also in the case for 
conventional machining with carbide tools, although the duration of this region is 
much less for CM than MAM, as seen in Fig. 5.10. The improved physical 
properties of the CBN tools show that, when thermochemical effects are reduced 
from effective MAM implementation, the steady state wear rate is lower (VBmax 
increases at rate of 0.5 μm per km cut for CBN as opposed to 9.7 μm per km cut 
for carbide) and the duration of this region is much longer (greater than 40 km of 
cutting length for CBN as opposed to 6 km of cutting length for carbide). 
 
Other effects studied also influence CGI - CBN tool performance, although none 
are as remarkable as the improvements from MAM. Using cutting fluids such as 
sulfur rich mineral oils provide the best tool life of the other fluid alternatives, 
although even dry MAM has been observed in this study to be a considerable 
improvement over conventional machining. Increased cutting speed, at least that 
from V = 550 m/min to 730 m/min as shown in this study, decreases tool wear 
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and improves tool life at a higher material removal rate. Thus MAM offers a 
solution to high speed machining of CGI that drastically improves the efficiency of 
the machining process, making manufacturing CGI on large scale realizable. It 
was also shown that higher half-integer modulation frequency ratio provides 
better performance, thus one should design a MAM program to achieve the 
highest modulation frequency half-integer multiple at each spindle frequency 
without overloading the amplifier/modulator  
  
These results show the improvement from effective MAM alone is remarkable, 
and can be improved by selecting proper experiment parameters. The best 
cutting performance achieved was with increased speed (V = 730 m/min) MAM at 
highest maintainable modulation frequency half-integer ratio (fm/fw = 2.5) with 
sulfur rich oil as cutting fluid (Mobilmet 766). This displays the order of 
importance of studied influential parameters, where one would first increase 
speed before increasing modulation frequency ratio. Although these results can 
be generalized, the above effects will have some trade-offs, and a small amount 

























6.1 Characteristics of Bulk CGI and CGI Chips 
Machined CGI chips were collected for each experiment condition at 1.4 km of 
length cutting and every 7 km of length cutting thereafter. These chips, along with 
bulk CGI, were characterized by optical microscopy and micro-Vickers 
indentation tests. Samples were mounted in both epoxy resin and Bakelite, 
providing similar results. Polishing was done to a final polish with colloidal silica. 
After hardness measurements, etching of the samples with 2% Nital for 15 – 20 
seconds enabled visualization of the microstructure. 
 
Diamond Innovations supplied the CGI material, which is test-cylinder-large 
configuration: 95% pearlitic-10% nodularity, 200-220 BHN. Previous work has 
reported the hardness of the same CGI workpieces as 217 BHN. A current Brinell 
test on two CGI workpieces yields 204 ± 3 HBS 10/3000, thus the material used 
in this study is within the described specifications.  
 
The percent of graphite nodularity was determined by manual point counting with 
optical microscopy per ASTM E 562-02. Figure 6.1 shows two sample CGI 
images laid over a grid. The grid consists of 100 even spaced points (spacing of 
100 µm). The number of graphite nodules which are overlapped by grid points 
were counted. In both samples shown in Fig. 6.1, the number of nodules 
overlapping the grid is 10. As there are 100 grid points, the percent nodularity 





Figure 6.1: As-received CGI samples with lain over grid for measuring nodularity. 
 
 
Optical imaging of an etched CGI sample allowed observation of its structure. 
Graphite nodules and flakes appear as dark black areas. The graphite is partly 
(in some cases wholly) surrounded by ferrite regions, those that appear as 
smooth light colored surfaces. Finally, the lamellar structure of pearlite is readily 








Temperature estimates were also made from observing colors found in chips at 
different experimental conditions. The colors observed were matched to 
tabulated colors from Machinery’s Handbook, 5th Edition, Colors for Tempering 
Table for ferrous metals. 
 
 
6.1.1 Hardness of machined chips 
Microhardness tests were performed for both bulk CGI and machined chips on a 
Leco Hardness Tester with Vickers indenter tips. A dwell time of 15 
seconds was used with a load of 50 gf. This produced indents of about 15-
20 μm in diagonal, which was sufficiently small to fit inside chip segments. 
However, these indents are too small in terms of accuracy of measurement, so 
the Vickers hardness measurements presented in this study should only be 
considered in a relative sense in comparison to each other. The absolute 
measured hardness values differ from the true values of the material. 
Nonetheless, these tests enabled an assessment of the level of hardening 
undergone during CM or MAM at both tested speeds by comparison to bulk 
indents of similar size. Images of select indents in bulk CGI and CGI chips are 





Figure 6.3: Micro-Vickers indents on CGI bulk and CGI chips at 1.4 km of cutting. 
V = 730 m/min; ho = 0.05 mm/rev; doc = 1 mm; Mobilmet 766 cutting fluid. Top: 
bulk, diagonal = 18.4 μm; bottom left: CM, diagonal = 13.8 μm; bottom right: 
MAM, diagonal = 15.5.  
 
 
Table 6.1: Hardness measurements of chips. 
Material condition Mean hardness 
Bulk CGI 328 ± 23 HV 
Chip, CM,  
V = 550 m/min 439 ± 29 HV 
Chip, CM,  
V = 730 m/min 420 ± 32 HV 
Chip, MAM,  
V = 550 m/min 427 ± 28 HV 
Chip, MAM,  
V = 730 m/min 413 ± 26 HV 
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These results indicate higher hardness in cases of CM as compared to MAM and 
lower hardness with increased speed from V = 550 m/min to 730 m/min, further 
evidence of improved machinability and lower cutting forces in the CGI-CBN 
system with MAM and at higher speeds. This familiar trend was also the case for 
tool wear measurements; that is, there was higher tool wear in cases of CM 
versus MAM and lower tool wear of higher cutting speeds in case of MAM.    
 
 
6.1.2 Geometry of machined chips 
Size and shape of chips from several conditions were observed by optical 
microscopy. All experimental conditions in this study produced segmented chips, 
as anticipated for machining of CGI. The length of the chip was determined by 
taking an average of the length measurements of a collection of chips from each 
condition. Chip width measurements are of the depth of cut dimension; that is, in 
the direction into the page of Fig. 3.1. Mean segment thickness was measured as 
the perpendicular distance from the front of the chip to the furthest point along 
each segment within a chip; an average of these values for each condition is 
presented in Table 6.2. 
 
 
Table 6.2: Measurements of size of chips produced after 1.4 km of cutting for 
select test conditions. ho = 0.05 mm/rev; doc = 1 mm; Mobilmet 766 cutting fluid. 








(#1) CM,  
V = 550 m/min 8.5 ± 1.3 1.3 ± 0.1 147 ± 13 90 ± 23 
(#2) CM,  
V = 730 m/min 5.6 ± 0.6 1.4 ± 0.1 83 ± 16 102 ± 27 
(#3) MAM,  
V = 550 m/min 3.3 ± 0.6 1.3 ± 0.1 185 ± 23 131 ± 36 
(#4) MAM,  




Values of mean chip width greater than 1 mm are expected, the extent to which 
they are greater is the amount the turning conditions vary from that of plane 
strain cutting. For all cases, the mean chip width was about 1.3 mm. Chips from 
MAM conditions had a curved shape across their width, indicative of redundant 
deformation; whereas in cases of CM, this curvature was slight to nonexistent. 
The segment size of MAM segments was roughly twice that of the CM segments. 
In a geometrical sense, this can be attributed to the effective doubled feed rate of 
MAM during its cycle at the thickest point of chip formation. As MAM chips are 
formed at a varying thickness throughout, the size of the segments within each 
chip are also seen to vary, which is apparent from the larger standard deviation 
of MAM chip width measurements as compared to CM. 
 
 
6.1.3 Microstructure of machined chips 
Bulk CGI and mounted chips from several conditions were polished and etched 
with 2% Nital for 15 seconds to observe their microstructure under optical 
microscopy. Figure 6.4 shows bulk CGI before and after etching. Optical 





Figure 6.4: Bulk CGI under optical microscopy before etching (left) and after 




Figure 6.5: CGI chips by optical microscopy (10x) before etching (left) and after 
etching (right) for both CM and MAM. ho=0.05 mm/rev; doc=1 mm; Mobilmet 766. 
 
 
Figure 6.6: CGI chips by optical microscopy (50x) before etching (left) and after 
etching (right) for both CM and MAM. ho=0.05 mm/rev; doc=1 mm; Mobilmet 766. 
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6.2 Temperature and Force 
The reduction in tool wear in MAM is undoubtedly a consequence of the discrete 
cutting process that enables discrete chip formation (Fig. 3.3b), disruption of the 
tool-chip contact, and fluid access into the contact zone. These actions can 
significantly reduce the severity of the tool-chip contact conducive to the 
thermochemical wear. By discrete chip formation, the strain imposed in the chip 
becomes smaller, which means the dissipation of plastic deformation as heat is 
reduced. The disruption of the tool-chip contact allows better fluid action in the 
contact zone, which improves lubrication and heat convection; the 
disengagement of the tool from the workpiece also reduces the time exposed to 
the elevated temperature. All these effects contribute to the reduction in 
temperature and force acting on the tool cutting edge.  
 
The temperature reduction in MAM can be confirmed by comparing the colors of 
the chips resulting from CM and MAM (Fig. 6.7). The CM chips (Fig. 6.7a, b, c) 
show a multiplicity of colors (e.g., blue, purple, violet) typically resulting from 
scattering from thin oxide layers present on the chip surfaces; this is usually 
indicative of cutting temperatures exceeding the oxidation threshold in the 
process of chip formation. Such colors are much less prevalent in the MAM chips 





Figure 6.7: Optical images of chips produced by CM and MAM. Left: CM, (a) 
collection of chips, (b) front of chip, (c) back of chip; right: MAM (d) collection, (b) 




Chips from many conditions were laid onto a table to observe and compare 
colors under daylight. The colors were compared to Machinery Handbook, 5th 
Edition’s High Temperatures Judged by Color and Colors for Tempering Table 
(Appendix B) to estimate temperatures. MAM with water and water based cutting 
fluids showed the lowest estimated temperature, with little color change in the 
chips as compared to source material. Although the difference was slight, MAM 
chips at V = 550 m/min are of slightly more vibrant colors than that of MAM at V = 
730 m/min, thus the temperature estimate is slightly higher. CM conditions of 
both speeds showed the highest temperatures, being the only chips with any 
amount of full blue color. Estimated temperatures and photographs of chips 






Table 6.3: Estimated chip temperatures from color 
Conditions Observed colors 
Estimated 
temp. Photograph 
(#6) MAM,  







light yellow  
< 230 °C 
 
(#4) MAM,  







240 – 255 
°C 
 
(#3) MAM,  










250 – 280 
°C 
 
(#2) CM,  











(#1) CM,  








295+ °C No photograph 
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Beyond observations of temperature rise from chip color, additional anecdotal 
evidence of lower temperature with MAM was visually observed. In the case of 
CM, a dense cloud of smoke characteristic of degradation of the cutting fluid 
suggested high cutting temperatures; whereas there is little to no observed 
smoke during MAM tests. Furthermore, during machining in daylight one can 
observe a red spot at the tool-chip contact zone. This spot was much brighter 
and larger in cases of CM than with MAM, and it was only absent in the case of 
water flood cooling. From the High Temperatures Judged by Colors Table 
(Appendix B), one can estimate the upper bound of the temperature in the cutting 
zone for the case of water flood cooling as about 480 °C, as there is no red spot 
present during these tests even in dim lighting. Conversely, the temperature in 
the cutting zone for CM or MAM with mist-oil lubrication is about 480 °C, as the 
red spot was observed in all of these tests. 
 
The force/energy reduction is supported by chip hardness measurements, as one 
can see the hardness of CM produced chips is less than that of MAM given 
similar conditions otherwise (Sec. 6.1.1). The lower hardness is generally 
indicative of lower cutting forces. In MAM this can be attributed to the smaller 














6.3 Machined Surface Finish 
Hitherto the results of this study has presented improvements in cutting 
performance in the form of lower tool wear and extended tool life for the CGI-
CBN material system. Although in practice, one may be more interested in 
maintaining a certain surface finish than extending tool life, and may thereby 
need to change the cutting tool sometime before reaching the end of its useful 
tool life. Surface roughness profiles of the turned cylinders were obtained with a 
Form Talysurf-50 Series 2 surface profilometer to investigate changes with 
increased cutting length for both CM and MAM. The surface examined is that of 
the turned inner cylinder, obtained by stopping a test before the full cylinder wall 
has been cut through entirely. The workpiece was then moved from the lathe to 
the Talysurf. An image of the workpiece showing the surface of interest and 




Figure 6.8: Form Talysurf-50 Series 2 setup. Left: Stylus on turned cylinder 





Figure 6.9: Example surface profile from CM after 1.4 km of cutting. V = 730 
m/min; ho = 0.05 mm/rev; doc = 1 mm; Mobilmet 766 cutting fluid.  
 
 
Figure 6.10: Example surface profile from MAM after 1.4 km of cutting. V = 730 
m/min; ho = 0.05 mm/rev; doc = 1 mm; Mobilmet 766 cutting fluid.  
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As seen in Fig. 6.9 and Fig. 6.10, there is very low frequency (about 0.02 times 
per rev or 0.75 Hz) large amplitude (about 60 μm peak-to-peak) waviness 
present in the case of MAM that does not appear for CM. This has been 
attributed to compliance, although the precise cause has not been confirmed. 
The possibility of a compliance issue being only present when the piezoelectric 
stack was charged was disproved by testing with a piezoelectric offset of 1.5 
volts and modulation parameters turned off, thus CM conditions were tested with 
a charged piezoelectric stack. Large frequency waviness was still absent from 
these surfaces. A travel distance of 5 mm with a cutoff length of 0.08 mm was 
used to distinguish between roughness and waviness. The roughness values 
presented in this section are processed in this way. 
 
SEM images verify the large waviness observed in surface profiles of MAM tests, 
as in Fig. 6.11. The low frequency ridges shown are representative of twice the 
feed rate, 0.1 mm/rev, as expected with effective MAM implementation. CM 







Figure 6.11: SEM images of surface produced by MAM after 1.4 km cutting. V = 
730 m/min; ho = 0.05 mm/rev; doc = 1 mm; Mobilmet 766 cutting fluid. 
 
 
Although there is a larger waviness for the case of MAM, the average surface 
roughness was significantly lower than CM for the same cutting length. Surface 
roughness measurements are presented in Table 6.4. The values under the 
“Average surface roughness, Ra (μm)” column were found by taking an average 
Ra value of six surface profiles for each condition. Optical images of these 
surfaces are shown in Fig. 6.12. 
 
Table 6.4: Talysurf average roughness measurements of inner turned cylinder 
surface by CM and MAM. V = 730 m/min; ho = 0.05 mm/rev; doc = 1 mm; 





Average surface roughness, Ra 
(μm) 
CM 0.7 0.61 ± 0.005 
CM 1.4 0.64 ± 0.032 
MAM 1.4 0.28 ± 0.004 




Figure 6.12: Surface roughness of CGI turned cylinder surfaces as seen by 
optical microscopy. V = 730 m/min; ho = 0.05 mm/rev; doc = 1 mm; Mobilmet 766 
cutting fluid. Top: CM (fm/fw = 0) after 1.4 km cut; bottom left: MAM (fm/fw = 2.5) 
after 1.4 km cut; bottom right: MAM (fm/fw = 2.5) after 13 km cut.  
 
 
Thus surface roughness is lower with MAM within the reasonable tool life of the 
CM tool; although, the average roughness deteriorates with increased cutting 
distance with MAM to a worse surface roughness than at the end of the CM tool’s 
useful life. Furthermore, there is a trade-off between waviness and surface 
roughness, at least for the current experimental setup, as the large waviness 
may or may not be desirable for certain applications. In cases which require 
smooth surfaces without regard to low frequency waviness, MAM should be 
implemented; in cases which low frequency waviness must be avoided, CM may 
need to be used unless the cause of the low frequency waviness can be 













This study has successfully shown Modulation-Assisted Machining (MAM) 
resulting in discrete chip formation and periodic disruption of the tool-chip-work 
contact to reduce significantly the wear of CBN tools in machining of compacted 
graphite iron (CGI). The resulting tool life can be at least 30 times greater than 
that in conventional machining at equivalent material removal rates. The wear 
performance can be improved using higher cutting speeds together with 
application of sulfurized fluid. This extraordinary reduction in wear appears to be 
a consequence of a reduction in the severity of the tool-chip contact conditions in 
MAM: reduction in intimacy of the contact, enhanced fluid action, formation of 
discrete chips, and lower cutting temperatures and forces. Such conditions 
reduce the propensity for thermochemical wear of CBN, the principal wear mode 
operative in CGI machining at high speeds. The MAM configuration employing 
feed-direction modulation appears feasible for implementation in CGI machining 
at high speeds, thereby offering a potential economically-viable machining 




















The tests in this study were comprised of over 30 CBN inserts in more than 10 
primary cutting conditions to explore the effect of applying MAM to the CGI – 
CBN material system. Results show MAM to be an attractive solution to high 
speed continuous cutting in this system. However, an extended study of the topic 
could provide additional insight into further improvements and wear mechanisms. 
 
Foremost it is of interest whether the tool wear reduction and tool life 
improvements seen with MAM in this study will be observed in similar material 
systems that also exhibit thermomechanical wear, and how the improvements 
compare to those in systems that do not have this wear mechanisms.  
 
Within the current material system, one could expand certain tests to investigate 
further improvements in MAM of CGI with CBN tools. Results show the 
modulation input parameters influence tool performance, specifically that higher 
frequency ratio improves cutting; however, only off-integer frequency ratios were 
studied, that is those effective of discrete cutting corresponding to a phase shift 
of π (Fig. 3.2a). Fundamentally, this phase shift does not necessarily produce 
minimal cutting forces, as the effective rake angle gets sharper as the phase shift 
descends from π. Therefore, a future study encompassing a range of phase 
shifts from 0 to 2π would be interesting. Although one may encounter 
synchronization issues due to the spindle and modulation frequencies being 
controlled separately. Furthermore, the current setup is limited to certain speeds 
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Table A.1: Complete list of BZN9100, 90% volume CBN inserts and experiments. 




1 4.5,3.5 3 550 m/min Mobil Omega 1,2,3,6,9, 12,15,18 Y.Guo 307 
2 4.5,3.5 3 550 m/min Mobil Omega 1,5,10,15,20 Y.Guo 279 
3 0 3 550 m/min Mobil Omega 0.5,1 Y.Guo 650 
4 0 3 550 m/min Mobil Omega 1 Y.Guo 644 
5 4.5,3.5 3 550 m/min Mobil Omega 1 Y.Guo - 
6 4.5,3.5 3 550 m/min Mobilmet 766 1,5,10,15,20, 25,30 author 335 
7 0 3 550 m/min Mobilmet 766 1 author 683 
8 4.5,3.5 3 550 m/min Mobilmet 766 1,5,10,15,20 author 333 
9 4.5,3.5 3 550 m/min Water 1 author 153 
10 4.5,3.5 3 550 m/min Water 3 author 178 
11 4.5,3.5 3 550 m/min Trimsol 1,3 author 252 
12 2.5 3 550 m/min Mobilmet 766 1,3,5 author 356 
13 3.5 3 550 m/min Mobilmet 766 1,5,10,15,20 author 344 
14 4.5,3.5 3 550 m/min Ilocut 5713 1,5 author 379 
15 4.5,3.5 3 550 m/min Ilocut 5713 1,3,5 author 321 
16 4.5,3.5 3 550 m/min Ilocut 5713 1,3,5 author 339 
17 4.5,3.5 3 550 m/min Ilocut 5725 1,3,5,7 author 321 
18 4.5,3.5 3 550 m/min Dry 1,3,5 author 219 
19 4.5,3.5 3 550 m/min Dry 1,3,5 author 234 
20 4.5,3.5 3 550 m/min Ilocut 5725 1,3,5,7,9 author 321 
21 5.5,4.5 2 550 m/min Mobilmet 766 1,5,10 author 252 
22 5.5,4.5 2.5 550 m/min Mobilmet 766 1,5,11 author 257 
23 3.5 3 730 m/min Mobilmet 766 - author - 
24 2.5 3 730 m/min Mobilmet 766 1,5,10,15,20 author 230 
25 3.5 3 730 m/min Mobilmet 766 1,5,10,15,20 author 238 
26 0 0 730 m/min Mobilmet 766 1 author 631 
27 2.5 3 730 m/min Mobilmet 766 1,10,20 author 271 
28 2.5 3 730 m/min Mobilmet 766 - author - 
29 2.5 3 730 m/min Dry 1,5,10,15,20 author 355 
30 2.5 3 730 m/min Dry 1,5,10,15,20 author 344 
31 2.5 3 730 m/min Mobilmet 766 1,10,20 author 249 
32 2.5 3 730 m/min Ilocut 5725 1,5,10,20 author 312 






Table B.1: High Temperatures judged by Color, and Colors for Tempering [20]. 
 
